Sucrose is an important component of fruit flavor, but whether sucrose signaling affects the postharvest ripening process of kiwifruit is unclear. The aim of this article was to study the effect of sucrose application on postharvest kiwifruit ripening to clarify the effect of sucrose in this process. Our present study found that exogenous sucrose can promote ethylene synthesis, which increases the ethylene content during fruit ripening, thereby accelerating the ripening and softening of kiwifruit after harvest. A significantly higher expression of AcACS1 and AcACO2 was found in sucrose-treated fruits compared to that in mannitol-treated fruits. Blocking the ethylene signal significantly inhibited the sucrose-modulated expression of most selected ripening-related genes. Sucrose transport is essential for sucrose accumulation in fruits; therefore, we isolated the gene family related to sucrose transport in kiwifruit and analyzed the gene expression of its members. The results show that AcSUT1 and AcTST1 expression increased with fruit ripening and AcSUT4 expression decreased with ripening, indicating that they may have different roles in the regulation of fruit ripening. Additionally, many cis-elements associated with phytohormones and sugar responses were found in the promoter of the three genes, which suggests that they were transcriptionally regulated by sugar signal and phytohormones. This study demonstrates the effect of sucrose on postharvest ripening of kiwifruit, providing a good foundation for further research.
Introduction
When stored at room temperature, kiwifruit (Actinidia chinensis) is a typical climacteric fruit. The ripening of fruit after harvesting is a complicated process involving a series of physiological and biochemical processes which involve sugar, acid, hormones, and other changes in metabolism. With the continuous pursuit of fruit quality and the rapid development of molecular biology and modern biotechnology, research on the physiological and molecular basic of fruit ripening has made great progress over the years. To date, research on the regulation of postharvest ripening of kiwifruit has focused on changes in the content of endogenous hormones during this process, particularly the effects of ethylene and abscisic acid (ABA) [1] [2] [3] . The ripening and softening of kiwifruit were accelerated by ethylene and retarded by 1-MCP [4] [5] [6] [7] [8] .
However, increasing attention has been paid to the effect of sucrose signaling on fruit ripening. Sugar is an important indicator used to judge fruit quality [9] . The sugar content in fleshy fruits is generally quite high. In sweet orange fruit, for example, sucrose accumulates rapidly before 180 day after flowering, and then slows down. Sucrose content accounts for more than 60% of the total soluble sugars during fruit ripening [10] . Studies have shown that ASR, a gene related to maturation, is found in grapes, and its expression is induced by sucrose. When sucrose and ABA exist simultaneously, sucrose can strongly induce the gene expression of ASR [11] . Soluble sugar accumulates gradually after pear post-harvest ripening [12] . Sucrose is an important signaling molecule which regulates ABA synthesis and participates in the ripening of strawberry fruit through the ABA-stress-ripening transcription factor [13, 14] . Treatment with exogenous sucrose accelerates postharvest tomato fruit ripening by influencing its metabolism and enhancing ethylene biosynthesis and signaling [15] .
The main source of accumulated sugar in fruit is the photosynthetic products of leaf assimilation, which are transported in the phloem. In the phloem of most plants, the carbon source is mainly sucrose, which is transported to the fruit where it is then used in physiological metabolism [16] . Sucrose is mainly transported in the phloem through the apoplast and symplast pathways [17, 18] . As the apoplast pathway requires transmembrane transport of sucrose into the phloem, transport via this pathway requires a sucrose transporter. After sugar is transported to the fruit through the phloem, it is discharged through the phloem and enters the storage parenchyma cells for metabolism and accumulation. In fruits with high soluble sugar accumulation, sucrose unloading may involve the apoplast pathways, such as in apple [19, 20] , citrus [21] , grape [22] , tomato [23] , and kiwifruit [24] . In most plants, sucrose is loaded directly into the phloem by two types of sugar transporters: the Sugar Will Eventually be Exported Transporters (SWEET) protein, which exports sucrose from the leaves and the sucrose transporter (SUT/SUC) protein, which mediates sucrose import into the phloem [25, 26] . The vacuole is the main organelle for sugar accumulation in fruit. Sugar enters the vacuole, and then requires a transport protein to penetrate the plasma membrane and the tonoplast. Two sugar transporter gene families can mediate sucrose across the vacuole: the tonoplast monosaccharide transporter family (TMTs) [27, 28] , and members of the sucrose transporter (SUCs/SUTs) family [18, [29] [30] [31] .
Although many studies have shown that sucrose can affect fruit ripening, in kiwifruit, changes in sucrose accumulation are a sign of fruit ripening and are a key factor of fruit quality. However, few studies have assessed how sucrose signaling affects kiwifruit ripening and softening. In this study, the effect of sucrose application on postharvest kiwifruit ripening was investigated to clarify the effect of sucrose in this process. Then, the putative kiwifruit sucrose transporter gene family (SUT, SWEET, and TMT) was searched and a phylogenetic analysis with corresponding genes from Arabidopsis and other species was conducted. Finally, the gene expression patterns of putative kiwifruit sugar transporter family members during postharvest kiwifruit fruit ripening were profiled.
Materials and Methods

Plant Material and Treatments
Five-year-old 'Hongyang' kiwifruit (A. chinensis) vines grafted on 'Jinkui' kiwifruit (A. deliciosa) vines at the Institute of Kiwifruit Research in Fengxin county, Jiangxi Province, China (28.7° N, 115.38° E, and elevation 65 m). Orchard soil, fertilization regimes, training and pruning, thinning levels, and irrigation are all under unified management. The fruits were collected at the commercial mature stage (145 days after pollination, mean TSS of 6.4%) in October 2018. Fruits of uniform size free from visible defects were divided into two groups; the first group was treated with sucrose (50 mM, soak for 10 min, 20 °C), the second group was treated with mannitol (50 mM, soak for 10 min, 20 °C), mannitol is usually used as a reference for exogenous sugar treatment to exclude the influence of osmotic pressure, so it was used as a control in this study. Each treatment contained three biological replicates of approximately 200 fruit and then placed at 20 °C for storage. Pulp samples of treated fruits were separated at 0, 2, 4, 6, 8, 10, and 12 days, then rapidly frozen in liquid nitrogen and kept at −80 °C until use.
Experiments with Detached Fruits
To assess the transient effect of exogenous sucrose on the expression of the genes of interest in kiwifruit, we adopted a detached-fruit experimental system. Kiwifruit flesh cubes (1 cm thick) were prepared from pulp tissue. Immediately after cutting, the tissue cylinders were immersed in 200 mL of equilibration solution containing 50 mM MES (pH 5.5), 10 mM MgCl2, 10 mM EDTA, 5 mM CaCl2 (sucrose-treated: 50 mM Sucrose, mannitol-treated: 50mM mannitol). Freshly cut discs were washed by gently stirring for 0, 1, 3, 5, 7, and 9 h in equilibration solution. After washing, the discs were blotted on absorbent paper and then rapidly frozen in liquid nitrogen and kept at −80 °C until use. Sucrose-treated fruit samples received an ethylene signal inhibitor (1-MCP) at a concentration of 5 μL/L.
Fruit Firmness
Fruit firmness was measured on opposite sides of each fruit after the removal of peel (1 mm thick), using a fruit texture analyzer (FTA, model GS, Güss Manufacturing Ltd., Strand, South Africa) with a 10 mm probe. Data were recorded as Newton (N) and fruit firmness was expressed as the mean of 15-20 fruits.
Ethylene Production
Ethylene production was determined by incubating ten fruits per treatment in a 1 L container for 2 h, after which 1 mL of headspace gas was withdrawn and injected into a gas chromatograph (Model-GC4 CMPF, Shimadzu, Kyoto, Japan) equipped with a flame ionization detector and an activated alumina column. The GC conditions were as follows: Capillary column (0.53 mm), column temperature 50 °C, flow rate 1 mL/min, FID detector detection. Each treatment repeated three times and the average values are presented.
Quantification of Sucrose
The concentration of sucrose was analyzed by high-performance liquid chromatography (HPLC). Frozen samples (about 2 g) were ground in liquid nitrogen. Then, 5 mL of 80% ethanol was added and the sample was placed in a 70 °C water bath for 20 min. Next, the sample was centrifuged at 10,000 rpm for 15 min at 25 °C and the supernatant was taken. The extraction was repeated three times and the supernatant was combined to obtain a volume of 25 mL. Then, 1 mL of the extract was taken, filtered through a water filter with a pore size of 0.45 μm, and the filtrate was used for HPLC to determine the sucrose content. The HPLC conditions were as follows: Waters Spherisorb NH2 column (4.6 × 250 mm, 5 μm), column temperature 30 °C, mobile phase acetonitrile: water = 7.5:2.5, flow rate 1 mL/min, RID detector detection. Sucrose was used as a standard (Sigma Chemical Co, St. Louis, MO, USA). The sucrose concentration was determined by the retention time compared with external standards and quantified using standard calibration curves.
RNA Extraction and qRT-PCR
Total RNA was extracted using a plant RNA extraction kit (Huayueyang, Beijing, China). DNA contamination in the isolated RNA was digested before cDNA was synthesized by incubating with DNase I (Takara, Dalian, China) for 30 min at 37 °C; 1 μg RNA was used for cDNA synthesis using the Verso cDNA kit (Takara, Dalian, China). qRT-PCR was performed using a CFX96 Touch Realtime PCR instrument (Bio-RAD, USA) with 2 μL cDNA, 1X TB Green Master Mix (Takara, Dalian, China), and 1 μM each of two gene-specific primers (Table S2 ), in a final volume of 20 μL. The thermocycling protocol consisted of 30 s at 95 °C, 40 cycles of 5 s at 95 °C, and 34 s at 60 °C. Three biological replicates and three technical replicates were performed to verify the accuracy of the expression data.
Identification of Kiwifruit Sugar Transporter Genes and Phylogenetic Analyses
Candidate genes encoding sweet orange sugar transporters were retrieved by BLASTP searching against the kiwifruit genome database (http://bioinfo.bti.cornell.edu/cgi-bin/kiwi/home.cgi), using Arabidopsis sugar transporter proteins as queries. Phylogenetic analyses were conducted using ClustalW in MEGA 7.0 software and an unrooted phylogenetic tree of the sugar transporter gene families was constructed using the MEGA 7.0 software [32] . The evolutionary history was inferred using the neighbor-joining method with 1000 replicates.
Cis-Elements Analysis
To investigate cis-elements in the promoter regions of genes, sequences of the 2 kb regions upstream of the start codons (ATG) were extracted from the kiwifruit genome database. cis-elements in the promoter sequences were analyzed via the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [33] .
Statistical Analyses
SigmaPlot 10.0 was used for plot and data analysis, and the data are expressed as mean ± standard deviation. SPSS 20.0 software was used for statistical analyses (p < 0.05).
Results
Exogenous Sucrose Modulates Kiwifruit Ripening
The exogenous sucrose content of kiwifruit was detected during storage after harvest. The results show that the sucrose content gradually increased during storage and reached its highest level at day 6 for the kiwifruit treated with sucrose and day 8 for the one with mannitol, then gradually decreased, and sucrose treatment increased sucrose content during postharvest fruit ripening ( Figure  1A ). As seen in Figure 1B , firmness decreased substantially with fruit ripening in both mannitoltreated and sucrose-treated fruits; however, significantly lower levels were observed in sucrosetreated fruits on days 4, 6, and 8 after treatment. Kiwifruit is a typical climacteric fruit at temperatures in the order of 20 °C, and its ripening process is accompanied by ethylene production. Therefore, ethylene production was also determined during storage following treatment with mannitol and sucrose. As shown in Figure 1C , ethylene production was higher during the first 8 days after sucrosetreated fruits than that in mannitol-treated fruits. Taken together, these results indicate that sucrose positively regulates kiwifruit ripening. 
Changes in the Expression of Genes Involved in Ethylene Biosynthesis and Ripening
Ethylene plays an important role in kiwifruit ripening; therefore, the effect of sucrose treatment on ethylene biosynthesis was further investigated. AcACS1 and AcACO2 are key genes and their products are involved in the auto-catalytic system of ethylene biosynthesis. A high expression of AcACS1 and AcACO2 was observed during the first 6 days of treatment in both groups of fruits. Nevertheless, a significantly higher expression of AcACS1 was observed on days 2 and 4 in sucrosetreated fruits and AcACO2 was expressed at higher levels on days 2, 4, and 6 in sucrose-treated fruits compared to that in mannitol-treated fruits (Figure 2 ). We adopted a detached-fruit experimental system to observe the transient effects of exogenous sucrose on the expression of the genes of interest in kiwifruit and to investigate the association between sucrose-modulated gene expression and ethylene signaling. Following treatment with sucrose, gene expression increased significantly at 7 h, the expression of AcACS1 increased more than eight-fold at 9 h compared to that in the mannitoltreated group, and the expression of AcACO2 increased more than six-fold ( Figure 3) . These results suggest that sucrose plays an important role in the regulation of ethylene accumulation during kiwifruit ripening. Given that exogenous sucrose was demonstrated to modulate ethylene accumulation and fruit ripening, it was important to determine whether sucrose modulated fruit ripening upstream of ethylene signaling. To address this, we examined the effect of an ethylene signal inhibitor, 1-MCP, on the sucrose-modulation of some genes related to ripening, such as those controlling changes in fruit texture (polygalacturonase, PG; pectate lyase, PL; pectinmethylesterase, PME) and sugar metabolism (sucrose synthase, SS; sucrose-phosphate synthase, SPS). The results show that blocking the ethylene signal significantly inhibited the sucrose-modulated expression of most selected ripening-related genes, except for AcSS and AcSPS (Figure 4) . This result indicates that sucrose modulated kiwifruit ripening upstream of the ethylene signal, and that this may be mediated by an ethylene-dependent pathway. 
Isolation and Phylogenetic Relationship of the Kiwifruit Sucrose Transporter Genes
To isolate putative genes encoding sucrose transporters, a BLASTP search was performed against the kiwifruit genome using Arabidopsis sugar transporter proteins as queries. In total, 22 genes encoding five SUTs, four TSTs, and 14 SWEETs were isolated (Table S1 ). Then, phylogenetic trees of the three transporter families were constructed with protein sequences using the MEGA 7.0 software. The SUT gene family in Arabidopsis is divided into three clades: SUT1, SUT3, and SUT4. The phylogenetic tree analysis showed that AcSUT1, AcSUT2, and AcSUT5 belonged to the SUT1 clade, AcSUT3 and AcSUT4 shared high homology with AtSUC3 and AtSUC4, which belonged to the SUT3 and SUT4 clade, respectively ( Figure 5A ). Of the four ortholog genes of TST identified in A. chinensis, AcTST3.1 and AcTST3.2 shared a high amino acid sequence similarity, which showed high homology with CmTST3 in Cucumis melo. AcTST1 and AcTST2 shared high homology with CmTST1 and CmTST2, respectively ( Figure 5B ). The SWEET gene family was divided into four clades. AcSWEET1a, AcSWEET1b, AcSWEET1c, AcSWEET2a, AcSWEET2b, AcSWEET2c, and AcSWEET3 belonged to clade I. AcSWEET7a, AcSWEET7b, and AcSWEET7c belonged to clade II. AcSWEET11 belonged to clade Ⅲ, and AcSWEET17a, AcSWEET17b, and AcSWEET17c belonged to clade IV ( Figure 6 ). Trees were constructed by the neighbor-joining method based on amino acid differences (p-distance) using the MEGA 7.0 program with complete deletion and 1000 bootstrap replicates. Accession numbers were as follows: Arabidopsis, AtSUC1-9 (At1g71880, At1g22710, At2g02860, At1g09960, At1g71890, At5g43610, At1g66570, At2g14670, and At5g06170), AtTMT1-3 (At1g20840, At4g35300, and At3g51490); Beta vulgaris, BvTST1 (XP_010686712.1), BvTST2.1 (XP_010678631.1), BvTST2.2 (XP_010690557.1), and BvTST3 (XP_010680636.1); Cucumis melo, CmTST1 (XP_008464819.1), CmTST2 (XP_008448165.1), and CmTST3 (XP_016899284.1); A. chinensis (shown in Table S1 ). The trees were constructed by the neighbor-joining method based on amino acid differences (pdistance) using the MEGA 7.0 program with complete deletion and 1000 bootstrap replicates. Accession numbers or gene ID (Table S1 ).
Expression of Genes during Postharvest Fruit Ripening
Sucrose transport is essential for the accumulation of soluble sugar in fruits. To determine the expression levels of genes in the sugar transporter family, qRT-PCR was used to analyze relative mRNA expression during postharvest kiwifruit ripening. The expression of AcSUT1 gradually increased with fruit maturity, peaking 8 days after harvest, after which it decreased slightly; this was consistent with the accumulation of sucrose during fruit ripening. The expression of AcSUT4 gradually increased in the early stage of fruit ripening but decreased in the later stage. Although AcSUT3 was highly expressed in fruit, its expression is not consistent, whereas AcSUT2 and AcSUT5 were only expression at low levels in fruits ( Figure 7A ). Regarding the AcTST gene family, AcTST3.1 and AcTST3.2 were expressed at low levels in fruits and the transcript abundance of AcTST2 decreased during fruit ripening. However, the expression of AcTST1 increased with fruit ripening, suggesting that it may play an important role in the process of kiwifruit ripening ( Figure 7B ). Regarding the SWEET gene family, the expression of most genes was low in fruit, except for AcSWEET1a, AcSWEET2a, AcSWEET2b, AcSWEET2c, and AcSWEET3. These genes were more highly expressed in the early stage of fruit ripening than in the later stage (Figure 8 ).
Cis-elements in Sugar Transporter Gene Promoters in Kiwifruit
The gene expression analysis revealed that AcSUT1, AcSUT4, and AcTST1 are abundantly expressed in kiwifruit, suggesting that they may be closely related to sucrose accumulation in fruits. To understand the transcriptional control of these genes, sequences of the 2 kb regions upstream of the start codons (ATG) were determined. The cis-elements in the upstream sequences of the three genes were searched using the PlantCARE server. Notably, a large number of phytohormoneresponsive cis-elements were identified in the promoter regions of AcSUT1, AcSUT4, and AcTST1, including abscisic acid-responsive elements (DPBFCOREDCDC3 and MYCCONSENSUSAT) [34, 35] , gibberellin-responsive elements (WRKY71OS) [19] , and auxin-responsive elements (NTBBF1ARROLB) [36] (Table 1) . Additionally, many sugar-responsive cis-elements were identified, including CGACGOSAMY3, AMYBOX1, WBOXHVISO1, and SUCROSE BOX 3 [37, 38] (Table 1 ). These results indicate that the expression sugar transporter genes can be induced by phytohormones and sugar signals. Table 1 . Putativecis-elements located in the promoter regions of the AcSUT1, AcSUT4, and AcTST1 genes.
Cis-element
Sequence Response Copies/Promoter AcSUT1 AcSUT4 AcTST1  DPBFCOREDCDC3  ACACNNG  Abscisic acid  1  4  5  MYCCONSENSUSAT  CANNTG  Abscisic acid  7  9  6  WRKY71OS  TGACY  Gibberellin  11  17  25  NTBBF1ARROLB  ACTTTA  Auxin  4  2  1  CGACGOSAMY3  CGACG  Sugar repress  1  0  2  AMYBOX1  TAACAAA  Sugar repress  0  1  0  WBOXHVISO1  TGACT  Sugar induce  4  3  4  SUCROSE BOX 3 AAATCA…AA Sucrose induce 5 5 2
Discussion
Sucrose is considered a simple component of fruit ripening and its content is closely related to the quality of fleshy fruit. With ripening, the sucrose content in fruit gradually increases. In our study, the sucrose content in kiwifruit also increased with ripening and decreased when the fruit was fully ripened, which is consistent with the previous report [39] . Because of the important role of sucrose in the development of fleshy fruit, researchers have started to consider its effect on the fruit development and ripening process. Sucrose has been reported to play an important role in fruit ripening. In the non-climacteric fruit strawberry, sucrose is an important signaling molecule which regulates ABA synthesis and participates in fruit ripening. Exogenous sucrose can accelerate the ripening of strawberry fruit [14] . In mutant sweet orange, which has a lower sucrose content, fruit ripening is delayed [40] . In the climacteric fruit tomato, exogenous sucrose treatment can promote postharvest fruit ripening by affecting its metabolism and enhancing ethylene synthesis and signal transduction [15] . Our results show that sucrose can accelerate the ripening and softening of kiwifruit, which can promote ethylene synthesis. Therefore, sucrose accumulation is important for regulation of fruit ripening.
Sucrose transport is essential for the accumulation of soluble sugar in fruits. As an irreversible reservoir organ, sucrose is mainly transported into storage organs by exoplasmic transport during fruit ripening; the sucrose transporter protein (SUC/SUT) plays an important role in this process. SUT1, SUT2, and SUT4 are subfamilies of sucrose transporters in dicotyledonous plants [41, 42] . Studies have shown that sucrose transporters are involved in the regulation of sugar accumulation in fruits, thereby improving the yield and quality of fruits. There are four sucrose transporters in grape, all of which are expressed in the fruit and have the ability to transport sucrose [43] . The transcript of citrus CitSUT1 increases with fruit development and ripening, and its overexpression increases sucrose accumulation in transgenic citrus [10, 44] . Seven sucrose transporter genes have been identified in strawberry. As the strawberry fruit ripens, expression of the FaSUT1 gene was found to increase significantly and sucrose accumulation in the fruit also increased. When FaSUT1 gene expression was inhibited, the ripening of strawberry fruit was significantly inhibited, indicating that FaSUT1 can regulate the accumulation of sucrose and affect ripening [14] . In Arabidopsis, AtSUC4 is located in the vacuolar membrane and facilitates the release of sucrose from the vacuole to the cytosol [30] . Similar results were obtained in peach, PpSUT1 is located in the tonoplast membrane, which is involved in sucrose loading in the leaves, while PpSUT4 is located in the tonoplast, which is involved in sucrose efflux from the vacuole [45] . The expression of genes in the SUT4 subfamily gradually decreases with the development of apple fruit [46] . In our study, the expression of AcSUT1 increased with the accumulation of sucrose and fruit ripening, suggesting that it may play an important role in this process. AcSUT4 belongs to the SUT4 subfamily and its expression gradually decreased during fruit ripening. To confirm the effect of these two genes on fruit postharvest ripening, further research is needed.
In addition to the SUT family, several sugar transporters have been identified, which can transport sucrose. Among the tonoplast monosaccharide transporter (TMT) family, BvTST2.1 is a sucrose-specific vacuolar transporter responsible for sucrose accumulation in sugar beet tap roots [27] . CmTST2 from melon can accumulate sucrose and facilitate fruit ripening when overexpressed in plant [47] . In sweet orange, CsTMT1 and CsTMT2 are expressed at relatively high levels in fruits, with transcripts most abundant in the early and late stages of fruit development, respectively [10] . Both MdTMT1 and MdTMT2 were expressed higher in fruit than in shoot tips and mature leaves, with the highest expression detected in mature fruit [46] . Abundant transcripts of AcTST1 have been observed during fruit ripening. Therefore, those findings suggest that AcTST1 can increase sucrose accumulation to promote fruit ripening. It is a good research object to investigate sucrose accumulation in vacuoles during the ripening process of kiwifruit. Regarding the SWEET family, clade III includes sucrose transporters, which are targeted to the plasma membrane [25] , including AtSWEET9, 11, 12, 13, 15 and OsSWEET11 (Os8N3/Xa13) [25, [48] [49] [50] . However, in our study, only AcSWEET11 belonged to clade III and its expression in fruits was very low, indicating that it may have no effect on fruit ripening.
Conclusions
In summary, our research shows that sucrose can promote the ripening of kiwifruit. We analyzed the expression of sucrose transport-related gene families in kiwifruit and found that AcSUT1, AcSUT4, and AcTST1 play important roles in sucrose accumulation during fruit ripening, indicating that they may be involved in the regulation of this process. 
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